Part I of this series described the results of a study of the electrochemistry of pyrite under conditions similar to those encountered in acidic bioleaching of the mineral. In this paper, the electrochemical data obtained in the previous paper is used to derive The detrimental effect of high sulfate concentrations on the rate of dissolution has been confirmed by the leach tests.
Introduction
Thermophilic bacterial leaching is a promising alternative for heap leaching of primary copper sulphides. However, in order to achieve and retain the temperatures required for thermophilic bacterial activity, exothermic oxidation of pyrite in the ore is the preferred method. However, the oxidation of pyrite results in the production of significant quantities of sulfate ions which accumulate in the leach solutions. Zheng et al. (1986) reported that the rate of pyrite oxidation decreased with increased total sulphate concentration, regardless of whether sodium sulphate or sulphuric acid was used. Their finding is also in agreement with earlier reported work (Sasmojo, 1969; Smith and Shumate, 1970) . The former authors ascribed this to inhibited electron transfer and thereby limiting adsorption to the mineral surface, because of iron (III) sulphate complexation. Leaching studies (Antonijevic et al., 1997) have shown that the rate of oxidation of pyrite by peroxide is reduced in the presence of high concentrations of sulfate ions. The first paper in this series presented the results of mixed potential, voltammetric and potentiostatic measurements associated with the oxidation of pyrite and reduction of iron(III) and dissolved oxygen under various conditions with an emphasis on the effects of the sulphate ion concentration and temperature. This paper deals with the use of the electrochemical measurements to estimate the rates of oxidation which are compared with the results from batch abiotic
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leaching of particulate pyrite. Part III summarizes the results of the effects of sulfate ion concentration and temperature on the kinetics of batch bioleaching of a pyrite concentrate and comparison with the rates obtained from abiotic leaching and the electrochemical measurements.
Experimental

Pyrite sample
The same pyrite electrode was used as described in Part I for electrochemical measurements.
For the leaching experiments, crystals from the same pyrite specimen were crushed, ground and wet screened to obtain the +25-38 µm size fraction. Before use the sample was washed with 0.1 M HCl followed by water and dried under vacuum.
Leaching experiments
The leaching experiments were carried out in agitated, instrumented temperaturecontrolled reactors. Each reactor consists of a 1000 cm 3 of baffled cylindrical glass cell and PVC lid mounted with a variable speed motor and titanium impellor. The experiments were conducted using 1 g of pyrite in 800 cm 3 of solution at 35 ºC with a stirring speed of 1200 rpm under a nitrogen atmosphere. 2 ml samples of solution were withdrawn regularly, acidified, and analysed for iron using atomic absorption spectroscopy.
Solution potentials (Eh) were monitored using a platinum ring electrode with a combined Ag/AgCl reference electrode (3 M KCl). All potentials are quoted with reference to the standard hydrogen electrode. The electrodes were connected to high
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impedance analogue input channels on a National Instruments data acquisition board controlled by LabView software. The potential was controlled by injection of 0.05 M potassium permanganate solution using a Metrohm Dosimat controlled by the software as shown in Figure 1 .
Solutions were prepared using sulphuric acid solutions with various concentrations of iron(III), aluminium(III) and magnesium(II) to simulate a typical heap leach solution.
The pH was adjusted to 1.2 unless otherwise stated.
Electrochemical measurements
The electrochemical measurements were carried out as described in Part I.
Results and discussion
Analysis of cyclic voltammetric data
The cyclic voltammetric data (Fig 2 shows some typical results) summarized in Part I can be used in two ways to extract kinetic information for the rate of dissolution of pyrite assuming that the mixed potential model described in Part I applies. In the first method, Tafel plots are made for both the anodic and cathodic branches (using the absolute values of the current densities) in which the logarithm of the current density is plotted versus the potential. A typical plot calculated from one of the conditions shown in Fig. 2 is shown in Fig. 3 . The cathodic branch can be treated similarly but as is obvious in Fig. 3 , there is no extended linear region due largely to the fact that, at high currents, mass transport of iron(III) to the pyrite surface must be taken into account. Thus, for example, the limiting current density under the conditions of An alternative method is the so-called linear polarization method used by corrosion scientists to estimate corrosion rates from electrochemical measurements. This method makes use of the fact that, at potentials close to the mixed potential, the current/potential curve is linear with a slope which has the dimensions of 1/Resistance.
This resistance is known as the polarization resistance (Rp) and is related to the corrosion (or dissolution) rate by the well-known relationship,
in which I corr is the corrosion current, Rp is the polarization resistance and βa and βc are the anodic and cathodic Tafel slopes in V/decade.
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A typical plot is shown in Fig. 4 for the same data used in Fig. 3 . The excellent linear curve can be used to derive an estimate of the dissolution current density of 0.45 Am -2 which compares well with the value obtained above. Assuming that sulphur is the product of oxidation of the pyrite, the mean of the two values is equivalent to a rate of dissolution of 2.2 x10 -6 mol FeS 2 m -2 s -1 .
The results of these estimates of the rates of dissolution under various conditions will be presented in a later section.
Analysis of potentiostatic data
Potentiostatic measurements were carried out in which the potential of the pyrite electrode in a solution without iron(III) or oxygen present was set to the mixed potential observed under the same conditions in the presence of iron(III) or dissolved oxygen. Mixed potential data was obtained from the results presented in Part I. Thus, according to the mixed potential theory, the steady-state anodic current measured under these conditions should be equivalent to the rate of dissolution of the pyrite.
Typical potentiostatic current/time transients as presented in Part I are reproduced in 
3.3.
Comparison of electrochemically derived rates of dissolution
As indicated above, the electrochemical data can be used to derive the rate of dissolution of pyrite by using three different methods. These methods all require the
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
stoichiometry of the anodic oxidation of pyrite in terms of the number of electrons involved in the oxidation of one molecule of pyrite. As is well known and will be shown below, this is not a constant value that can vary from 2 (for S 0 as the product) to 14 (for sulfate as the product). The results shown in Fig. 6 are based on the assumption of 2 electrons/mole pyrite.
A comparison of the results obtained by the three methods is shown in Fig. 6 in which the rates calculated from the extrapolation of the Tafel plots and the potentiostatic currents at the mixed potential are compared with the results obtained by the linear polarization method. As can be seen the agreement is reasonably good between all methods.
Effects of solution conditions
Some of the important conclusions in terms of the effects of various parameters on the rate of dissolution of pyrite as obtained from the cyclic voltammetric data are shown in the following figures. Thus, Fig. 7 shows that there is little effect of pH in the range 1 to 1.5 on the rate which appears to have a shallow minimum at a pH between 1.25 and 1.3.
The effect of increasing sulfate ion concentration is significant particularly at the higher temperatures as shown in Fig. 8 . One of the main conclusions of Part I is that the predominant effect of sulfate is on the rate of the cathodic reduction of iron(III).
One possible reason is the decrease in the free Fe 3+ ion concentration as the sulfate ion concentration increases due to formation of electrochemically less reactive monoand disulfato complexes of iron(III). Calculations of the species present in this system using HSC Chemistry (V7.0) reveal the results shown in Fig. 9 for the free Fe 3+ ion concentration. The shape of this curve is very similar to that shown in Fig. 8 which by a factor of 3.4 at the lower sulfate concentration and 2.8 at the higher concentration.
Mixed potential theory predicts that the rate will be proportional to the square root of the concentration of the oxidant for equal Tafel slopes for the cathodic and anodic reactions. In the present case, the ratio of the rates at 3 and 15 g/L iron(III) should therefore be approximately 5 1/2 or 2.24.
Addition of chloride ions results in a decrease in the rate of dissolution which is more noticeable at the lower sulfate ion concentration as shown in Fig. 10 . It appears that the effects of sulfate and chloride ions are similar in origin and that the latter has a negligible effect in the presence of a large excess of sulfate.
Rate of dissolution from solution potential measurements
As a result of reaction of iron(III) with pyrite by reactions such as A C C E P T E D M A N U S C R I P T
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Thus, Fig. 11 shows measurements of the solution potential due to reaction of a pyrite rotating disk electrode under the conditions shown over a period of about two hours.
One can calculate the concentration of iron(II) at any potential by use of the Nernst
The concentration of iron(III) is essentially constant and equal to its initial concentration under the conditions of this experiment. Use of the data is conveniently carried out by fitting an empirical equation to the potential/time transient. As shown in Fig. 11 , a function of the form
where E o is the initial potential, k is kinetic constant and E f is an adjustable parameter provides an excellent least squares fit to the data from which one can obtain estimates of the parameters k and E f which can be used to calculate the concentration of iron (II) at any time from the Nernst equation. Assuming that sulfur is the product of oxidation one can calculate the rate of dissolution which is approximately constant over the two hour test with an mean value of 10.3 x 10 -6 mol m -2 s -1 which is similar to that estimated from the electrochemistry of 6.2 x 10 -6 mol cm -2 s -1 (mean of the three methods). This result confirms that the rates estimated from the electrochemical data are reliable indicators of reactivity.
Leaching of milled pyrite
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Leaching experiments using 1 g milled pyrite (25-38 μm) were carried out at 35 ºC in assuming that the product of dissolution is bisulfate ions while the blue points were similarly derived assuming that elemental sulphur is the product of oxidation.
It should be appreciated that the iron analyses are subject to some variability due to the necessary initial iron present in the solution. For this reason, the initial iron concentration was reduced to 1 g/L. The reason for the decrease in the iron concentration after about 250 h is not known but could be associated with precipitation of some iron as K-jarosite.
The observed rate of dissolution from the iron analysis falls between that calculated assuming either sulfate or sulphur as the product of oxidation. Calculation shows that, under these conditions both are formed with about 35 % of the sulphur reporting as elemental sulphur. This is consistent with numerous published data which shows that at low potentials (less than about 0.9 V) and temperatures, the yield of sulfate is between 60 and 70%. Anodic dissolution data under similar conditions over considerably shorter periods reported in Part I showed that over 90% of the sulfide sulfur is oxidized to sulfur. The difference suggests that a slow non-electrochemical oxidation of elemental sulfur by ferric ions is possible during the long term leaching experiment or that the extent of oxidation of sulfur increases with time.
As all the electrochemical data was converted into dissolution rates assuming sulphur as the product, the leaching data can be similarly treated to estimate a rate of leaching by using the slope of the blue curve in Fig. 12 . The results of such calculations are shown for three experiments in Table 2 . It is apparent that the rate is lower at a lower solution potential and also in the presence of a high concentration of sulfate ions. The rates shown in Table 2 are all lower than those derived from the electrochemical data. This is can be partially attributed to the lower iron(III) concentration which increased from 1 to about 1.3 g/L during the experiment shown in Fig. 12 whereas the electrochemistry was conducted with 3 g/L iron(III). Thus, assuming that the rate is proportional to the square root of the iron(III) concentration, the leaching data in the second row of Table 2 can be corrected to 3 g/L iron(III) to give a value of 14 x 10 -7 mol m -2 s -1 which is remarkably close to that calculated from the electrochemistry. The similar rates imply that the mass transport conditions at suspended pyrite particles are similar to that of a disk rotating at 500 rpm.
Conclusions
Rates of dissolution of pyrite in acidic sulfate solutions have been estimated using 
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The authors thank BHP Billiton for financial and other support and for permission to publish this series of papers.  The relevance of the mixed potential model in describing the mechanism of the dissolution process has been confirmed.
 The rate decreases with increasing concentration of sulfate ions especially at higher temperatures as a result of decreased cathodic reactivity of complexes of iron (III) with sulfate ions.
 The observed inhibition of the rate in the presence of chloride ions can be explained in similar terms.
 The rate increases with increasing iron(III) concentration and the reaction order is about 0.5 as expected from the model.
 Limited controlled potential leach experiments with milled pyrite have shown that between 30% and 60% of the sulphur in pyrite is oxidised under these conditions to elemental sulphur.
